Interleukin-1 receptor-associated kinase 1 (IRAK1), an essential mediator of innate immunity and inflammatory responses, is constitutively active in multiple cancers. We evaluated the role of IRAK1 in acute myeloid leukemia (AML) and assessed the inhibitory activity of multikinase inhibitor pacritinib on IRAK1 in AML. We demonstrated that IRAK1 is overexpressed in AML and provides a survival signal to AML cells. Genetic knockdown of IRAK1 in primary AML samples and xenograft model showed a significant reduction in leukemia burden. Kinase profiling indicated pacritinib has potent inhibitory activity against IRAK1. Computational modeling combined with site-directed mutagenesis demonstrated high-affinity binding of pacritinib to the IRAK1 kinase domain. Pacritinib exposure reduced IRAK1 phosphorylation in AML cells. A higher percentage of primary AML samples showed robust sensitivity to pacritinib, which inhibits FLT3, JAK2, and IRAK1, relative to FLT3 inhibitor quizartinib or JAK1/2 inhibitor ruxolitinib, demonstrating the importance of IRAK1 inhibition. Pacritinib inhibited the growth of AML cells harboring a variety of genetic abnormalities not limited to FLT3 and JAK2. Pacritinib treatment reduced AML progenitors in vitro and the leukemia burden in AML xenograft model. Overall, IRAK1 contributes to the survival of leukemic cells, and the suppression of IRAK1 may be beneficial among heterogeneous AML subtypes.
Introduction
Acute myeloid leukemia (AML) is a molecularly heterogeneous malignancy with poor outcomes characterized by the clonal expansion of myeloid progenitors [1] . Cytotoxic chemotherapy has remained the mainstay of AML treatment for decades with minimal improvement in outcomes. Significant challenges related to the biological complexity of AML have hindered the development of effective targeted therapies. AML molecular heterogeneity and the rapid emergence of genetically diverse subclones limit the potential effectiveness of a single targeted agent. In addition, prosurvival signals from the bone marrow microenvironment and tumor-intrinsic feedback pathways add further complexities that necessitate characterization of underlying biological mechanisms to identify new therapeutic approaches.
Whole-genome sequencing and gene expression studies have revealed substantial heterogeneity in the molecular abnormalities driving AML [2] . The most commonly mutated gene, FMS-related tyrosine kinase 3 (FLT3), is present in only 25% of AML cases, and FLT-3-targeted therapy has led to rapid emergence of resistance [2] . Other targetable mutations that occur frequently in chronic myeloproliferative disorders, such as those in Janus kinase 2 (JAK2), are rare events in AML [3, 4] . Recurrent activating mutations in these and other kinases have spurred the development of specific inhibitors, including selective agents like quizartinib and ruxolitinib, which inhibit FLT3 and JAK1/2 kinases, respectively. Quizartinib has demonstrated significant activity in clinical studies in patients with FLT3 activating mutations, but secondary mutations and signaling events induced by the microenvironment can counteract FLT3 inhibition and lead to emergence of resistance [5] .
The importance of inflammatory pathways in cancer initiation, progression, and therapeutic resistance is now generally accepted [6] [7] [8] [9] . We and others recently demonstrated that interleukin-1 (IL-1) contributes to the survival of leukemic cells in AML [7, 10] . Increased secretion of IL-1 in the bone marrow microenvironment leads to activation of IL-1 receptor-associated kinase (IRAK1) and p38MAPK in AML cells. The IRAK protein family consists of four functionally and structurally related members, IRAK1-4. IRAK1 and IRAK4 are active serine/threonine kinases that critical components of the innate immune system and mediate signals downstream of various pathogen-responsive and cytokine-responsive receptors while IRAK2 and IRAK3 are pseudokinases [11, 12] . IRAK1 and IRAK4 have been implicated in hematologic neoplasia [13] [14] [15] . IRAK1 acts downstream from IL-1 and lipopolysaccharide through IL-1 receptor (IL1R) and toll-like receptors (TLR), respectively [12] . Activation of IL1R and TLR recruits MYD88, resulting in activation of IRAK4 and IRAK1. Activated IRAK1/4 proteins subsequently activate TRAF6-mediated NF-κB and p38MAPK [16] . In certain B cell lymphomas, activation of the TLR/IRAK pathway occurs often in conjunction with the MYD88 L265P gain-of-function mutation. This mechanism occurs in Waldenström's macroglobulinemia [17, 18] , diffuse large B-cell lymphoma (DLBCL) [19] , and in primary effusion lymphoma, where IRAK1 gain-of-function mutations lead to constitutive IRAK1 activation [20] . IRAK1 levels are also elevated in a proportion of head and neck squamous-cell carcinoma samples, hepatomas, and triple negative breast cancers [21] [22] [23] . Furthermore, MYD88/IRAK signaling plays an indispensable role in the survival of T-cell acute lymphoblastic leukemia (T-ALL) cells [13, 14] . Emerging evidence emphasizes an oncogenic role for IRAK1 in myeloid cancers. Activation and overexpression of IRAK1 has a negative prognostic impact in myelodysplastic syndromes (MDS) [13, 15] . Several studies report that IRAK1 is overexpressed in AML [24] [25] [26] . A recent study demonstrated that therapeutic inhibition of IRAK1/4 reduces the growth of mixed lineage leukemia-rearranged leukemic cells [27] . These studies establish IRAK1 and IRAK4 as candidate targets in hematopoietic malignancies and underscore the need for agents that directly inhibit their activity [13] [14] [15] 24] .
Pacritinib is an ATP-competitive, small-molecule, macrocyclic inhibitor with equipotent activity against JAK2 and FLT3 but not against JAK1. In the previous kinomewide screen, pacritinib was found to suppress phosphorylation of two other kinases of potential interest in myeloid diseases, specifically IRAK1 (IC 50 = 13.6 nM) and CSF1R (IC 50 = 46 nM) [28, 29] . Pacritinib is in development as a treatment for myelofibrosis [30, 31] . Clinical studies of pacritinib demonstrate that at relevant peak concentrations (~10 µM), plasma protein binding is 98.8% in human plasma. Based on a free drug fraction of 1.2%, steady-state free drug concentrations of pacritinib are approximately 200-250 nM. Here we provide in vitro and in vivo evidence that IRAK1 is a therapeutic target in AML and pacritinib effectively inhibits IRAK1 activity at clinically relevant concentrations. Our data provide a rationale for evaluation of pacritinib in AML, irrespective of FLT3 mutational status and including patients resistant to FLT3 inhibitors.
Materials and methods

Cell lines and primary samples
All the cell lines were cultured in recommended media and described in supplemental methods. Primary AML samples derived from patients were evaluated according to Institutional Review Board guidelines at Oregon Health & Science University. Mononuclear cells isolated from primary AML samples were cultured in RPMI-1640 supplemented with 10% FBS, 2 mM L-glutamine, and 100 U/mL penicillinstreptomycin and 10 −4 M β-mercaptoethanol. Healthy bone marrow mononuclear cells were purchased from All Cells Inc (Almeda, CA).
shRNA-mediated knockdown
The knockdown was performed as described previously [7, 32] and in supplemental methods.
Transfection, immunoprecipitation, and immunoblotting
Full-length IRAK1 plasmids [33] , transfection, immunoprecitipation, and immunoblotting were performed as described previously [7] and in supplemental methods.
Kinase screening assays
In vitro profiling of 439 kinases was performed previously at Reaction Biology Corporation (Malvern, PA,) using the HotSpot assay platform [28] as described in supplemental methods.
Drug sensitivity and apoptosis assays
Cells were seeded into 384-well assay plates at 1000 cells/ well for cell lines and 10,000 cells/well for primary mononuclear cells. Pacritinib was provided by CTI BioPharma; quizartinib, and ruxolitinib were purchased from Selleck Chemicals (Houston, TX), IRAK1/4 inhibitor I was purchased from (Sigma Aldrich, ST Louis, MO). Inhibitors were added at a concentration series ranging from 5 or 10 μM to 0.001 μM. After 3 days of culture at 37°C and 5% CO 2 , CellTiter96 (Promega) was added, and optical density was measured at 490 nm and used to determine cell viability. All cell lines or primary samples were tested in triplicate for drug sensitivity. The effect of drug treatment on apoptosis was measured by annexin V+ staining (Guava Nexin assay).
Homology alignment and computational docking of pacritinib to IRAK1 The gene mutation analysis in primary AML samples and cancer genome atlas (TCGA) somatic mutation data
All the AML samples used in the study were sequenced using institute clinical panel as part of their clinical care (supplemental Table 1 ). TCGA somatic mutation analysis for IRAK-pathway members was performed as described in supplemental methods.
Xenograft studies
In vivo experiments were performed by xenografting MOLM-14 cells expressing doxycycline-inducible IRAK1 shRNA GFP+ (2 × 10 5 cell per mouse) into the tail veins of 4-week old NOD-scid IL2Rg null mice. Pacritinib and doxycycline treatment was started 5 days after the initial injection of cells after confirmation of equal engraftment in peripheral blood (>1%) and as described in supplemental methods.
Phosphoproteomics
Phosphoproteomics analysis was performed as described in supplemental methods using untreated mononuclear cells derived from nine independent AML samples.
Statistical analysis
Fitted probit curves were used to derive three measures of drug effect: IC 50 , IC 90 , and area under the curve (AUC). Clinical and genetic features were individually correlated with drug efficacy across the 46 patient samples using the probit-derived IC 50 and AUC as described in supplemental methods and were reported in supplemental Table 2 . Population curves for all patient samples and FLT3 genotype subgroups were fitted for inhibitors using a random intercepts and random slopes model with a probit link function; drug-specific curves, IC 50 and AUC values were derived using the methods as described for the singlesample curves.
Results
Growth of AML cells is dependent on IRAK1
We observed elevated levels of IRAK1 in primary AML cells compared to healthy cells (supplemental Fig. 1 ). Based on the expression and activity of IRAK1 in AML cells, we evaluated its functional significance in AML. We abrogated IRAK1 expression utilizing doxycyclineinducible shRNAs directed against IRAK1 in the AML cell lines MOLM-14 and THP-1, as well as in primary AML cells. Two of three shRNAs tested produced a 70% reduction in IRAK1 expression in cell lines, as measured by qRT-PCR (Fig. 1a) . IRAK1 knockdown was also confirmed by immunoblot analysis (Fig. 1b) . Furthermore, the extent of IRAK1 knockdown correlated with a growth impairment in FLT3-ITD-positive (MOLM-14) and FLT3-wild type (THP1) cell lines that ranged from 20 to 80% (Fig. 1c) . In primary AML samples, we combined two shRNAs to enhance the knockdown efficiency and observed a growth-inhibitory effect similar to that observed in cell lines (Fig. 1a,c ).
Pacritinib is a potent and selective IRAK1 inhibitor
We tested an early-stage development compound IRAK1/4 inhibitor I, which showed a high median IC 50 in primary AML samples (data not shown). Previously, a kinome screen of 429 kinases using recombinant proteins revealed that pacritinib potently inhibits IRAK1 (IC 50 of < 20 nM) [28] . Pacritinib does not inhibit CDK2 activity [29] ; consequently we predicted three residues that are important for pacritinib binding based on amino acid differences between CDK2 and the IRAK family (Fig. 2 ). In our model (Fig. 2a) , serine 295 (S295) forms a hydrogen bond with an oxygen atom in the macrocycle of pacritinib, leading us to predict that a mutation of S295 to aspartate (as observed in CDK2) and a deletion of the adjacent glycine 294 (G294) would disrupt this interaction. Moreover, aspartate 298 (D298) is well-positioned to form a salt-bridge with the tertiary ammonium in pacritinib, leading us to predict that mutation of the negatively charged aspartate to the positively charged residue lysine (D298K), as in CDK2, may form a disfavored interaction.
We engineered mutations ΔG294, S295D, and D298K in IRAK1 to resemble CDK2 (Fig. 2b , CDK2 kinase residue numbering is based on IRAK1), and they conferred pacritinib resistance on IRAK1. Mutant IRAK1 exhibited reduced pacritinib sensitivity, with the D298K substitution conferring significant loss of pacritinib sensitivity (Fig. 2c,d ). In contrast, the control, kinase-inactive IRAK1 (K239A) mutant, exhibited complete abrogation of autophosphorylation.
IRAK1 inhibition by pacritinib suppresses growth of AML cell lines
Pacritinib inhibited the growth of FLT3-ITD-positive cells (MOLM-13, MOLM-14) at IC 50 values of~32 nM and 61 nM, respectively, and JAK3 mutation-positive cells (CMK) at an IC 50 value of 262 nM. In addition, pacritinib inhibited growth of cell lines harboring various genetic mutations at IC 50 values ranging from~100 to~500 nM for cell lines Kasumi-1, SKNO-1, OCI-AML5, GDM-1, THP1, and HL-60, and ranging from~750 to~1500 nM for cell lines TF-1, HT-93, U937, KO52, and HEL (Fig. 3a,b) . In contrast, both quizartinib and ruxolitinib were restricted in their capacity to inhibit growth across this panel. Cell lines OCI-AML5 and Kasumi-1 showed sensitivity to both pacritinib and quizartinib, whereas HL-60 and THP1 showed sensitivity to pacritinib, but not to quizartinib and ruxolitinib. These results indicate pacritinib has broad efficacy against various AML-associated genetic abnormalities (Fig. 3b) . Consistent with its effect on cell viability, pacritinib induced apoptosis in AML cells (supplemental Fig. 2 ). Immunoblot analysis of AML cell lines HL-60, OCI-AML5, Kasumi-1, and MOLM-14, harboring mutant NRAS, mutant RUNX, RUNX translocation, and FLT3-ITD, respectively, showed IRAK1 phosphorylation on residue T209 at variable levels, and treatment with pacritinib inhibited IRAK1 phosphorylation and its downstream effectors (Fig. 3c) . Consistent with their sensitivity profiles [34, 35] , pacritinib and quizartinib, but not ruxolitinib, reduced phosphorylation of STAT5 and p38 in MOLM-14 cells (Fig. 3d) . Further, pacritinib inhibited IRAK1 activation in FLT3-ITD-positive MOLM-14, CSF1R-dependent cells GDM-1, JAK3 mutation-positive CMK-1, and MLL-AF9-positive THP1 cells (Fig. 3d ). THP1 and HL-60 cells that are FLT3 and JAK2/3 wild type, showed no sensitivity to quizartinib and ruxolitinib, but showed sensitivity to pacritinib possibly due to IRAK1 inhibition (Fig. 3a,d ). We also observed IRAK1 inhibition in PICALM-AF10-dependent U937 cells that are less sensitive to pacritinib, indicating variable sensitivity to pacritinib might be due to differences in the genetic abnormalties (Fig. 3b, supplemental Fig. 3A) . Additionally, inhibition of FLT3-ITD-positive cells with quizartinib did not inhibit IRAK1 activity even at 2000 nM, suggesting IRAK1 might not be the direct target of FLT3 (supplemental Fig. 3B ). Pacritinib has a potent sensitivity profile across a broad range of genetic subtypes in primary AML patient samples
We tested the efficacy of pacritinib in ex vivo assays using primary AML samples with various genetic abnormalities. Pacritinib had a significantly lower median IC 50 compared with that for quizartinib (113 nm vs. 376 nM; P < 0.0001) (Fig. 4a) . Pacritinib demonstrated a higher response rate (85%; 39/46) than that observed for either quizartinib (54%; 25/46) or ruxolitinib (11%; 5/46), where responsiveness was defined as an IC 50 value < 500 nM. Further, 73% (34/46) of primary AML samples showed sensitivity to pacritinib below its free peak drug concentration of 210 nM at steady-state [36, 37] . Notably, comparison of median IC 90 values for pacritinib and quizartinib suggested that pacritinib treatment leads to an achievable IC 90 (pacritinib IC 90 = 3440 nM; range = 170-10,000 nM; quizartinib IC 90 = 10,000 nM; range = 1340-10,000 nM, P < 0.001) (Fig. 4b) . Consistent with lower median IC 50 and IC 90 values, AML samples treated with pacritinib showed significantly smaller AUC values than samples exposed to either quizartinib or ruxolitinib (Fig. 4c) . AUC is significantly correlated with the IC 50 values within each tested inhibitor (Fig. 4d) . Probit mixed effects population curve modeling on AML samples demonstrated that quizartinib has a lower IC 50 estimate for all mutant forms of FLT3, including FLT3-ITD (137 nM, n = 12), FLT3-non-ITD mutant (22 nM, n = 5), and all other FLT3 mutants (93 nM, n = 17) samples, compared with the FLT3 wild-type samples (944 nM, n = 23). In contrast, when a similar analysis was performed for samples plated with pacritinib, sensitivity was apparent for both FLT3 wild type (IC 50 = 140 nM) and FLT3 mutationpositive samples (IC 50 = 68 nM).
In addition, pacritinib showed a significantly lower IC 90 value compared with that of quizartinib, and quizartinib was unable to achieve IC 90 values at the maximum tested dose in FLT3 mutation-positive patient subgroups (Fig. 4e) . Specifically, several AML patient samples (e.g., AML-18) with FLT3-ITD mutations were relatively insensitive to quizartinib (IC 50 =~700 nM) yet sensitive to pacritinib (IC 50 = 82 nM). Further, the flow cytometry analysis of primary AML samples revealed that pacritinib treatment significantly reduces CD34 + progenitors after 72 h of treatment supplemental Fig. 4 . We observed no significant association between sensitivity to pacritinib and patient age, sex, sample type, WBC count, blast percentage, karyotype, or prognostic risk was observed (supplemental Fig. 5 ; supplemental Tables 1 and  2 ). Pacritinib sensitivity also showed no significant association with gene mutations frequently occurring in AML, with the exception of patients with ASXL1 or CREBBP mutations having reduced sensitivity to this drug (supplemental Fig. 6 ). Pacritinib reduced IRAK1 and p38 phosphorylation in patient-derived AML cells at basal level as well as in IL-1-stimulated and LPS-stimulated cells (Fig. 4f) . Our data suggest that pacritinib is effectively inhibiting IRAK1 activity in less sensitive AML samples such as AML-36 (IC 50 = 226 nM) or AML-42 (IC 50 = 578 nM), indicating variable sensitivity to pacritinib may be attributed to co-occuring mutations.
Genetic knockdown of IRAK1 or treatment with pacritinib reduces the leukemia burden in AML xenograft model in vivo
We evaluated the efficacy of genetic knockdown of IRAK1 and pacritinib treatment in vivo. We developed xenografts by injecting doxycycline (Dox)-inducible IRAK1 shRNAs expressing AML cells (MOLM-14), used in Fig. 1 , into NOD-scid IL2Rg null (NSG) mice. The post 5 days of injecting cells, the engraftment of GFP + cells was confirmed in peripheral blood by flow cytometry (>1%) and mice were treated with vehicle or doxycycline to induce IRAK1 knockdown, or pacritinib. Since MOLM-14 cell are GFP + and express CD13 and CD33, we used GFP positivity and the expression of human CD13/CD33 to quantify the effect of treatment on the leukemia burden. Our data suggested that both IRAK1 knockdown or pacritinib treatment reduced leukemia burden from~76 to~50% and 42%, respectively, in the bone marrow and~42 to~8% and~10%, respectively, in the spleen (Fig. 5b-d ). This reduction in leukemia burden is associated with a concomitant increase of the host murine cells in the bone marrow and spleen of NSG mice as shown by GFP − cells or murine CD45 + cells. We also observed a significant reduction in spleen and liver sizes (Fig. 5e,f) . We observed Fig. 3 Pacritinib effectively targets AML cell lines harboring a broad range of genomic aberrations. AML cell lines were cultured in their respective culture media for 72 h with graded concentrations of pacritinib, quizartinib, and ruxolitinib from 1.2 to 5000 nM using 2-fold dilution curves. Cell viability was measured by colorimetric MTS-based cell viability assay. slight reduction in white blood counts with no significant differences in platelets, hemoglobin, and hematocrit with IRAK1 knockdown or pacritinib treatment (supplemental Figure 7) . These results suggest that IRAK1 knockdown or pacritinib treatment effectively reduces the leukemia burden.
Global analysis of primary AML cells reveals phosphoproteomics signature indicative of pacritinib sensitivity
Pacritinib sensitivity in AML samples was not correlated with AML clinical and genetic characteristics in tested samples; consequently, we performed global phosphoproteomics analysis on AML samples with variable pacritinib sensitivity. Immobilized metal affinity chromatography (IMAC) global mass spectrometry identified 2200 phosphopeptides in at least six of nine patients tested prior to pacritinib treatment (supplemental Table 3 ). Phosphopeptides with a significant correlation or anticorrelation with pacritinib IC 50 are presented in Fig. 6 and an interactive correlation biplot: https://activedatabio.github.io/ peptideBiPlot/peptideBiPlot.html. We further used known sets targets of kinases to calculate enrichment based on correlation, serving as a proxy of activity. We identified three kinases where known phosphorylation site targets were significantly anticorrelated with pacritinib sensitivity; that is, primary cells with lower IC 50 (more sensitive) had higher activity (phosphorylated targets) in these pathways at baseline, prior to drug treatment. The baseline up-regulated pathways in pacritinib-sensitive cells were CDK1, GSK3β, and p38MAPK ( Fig. 6 ; supplemental Table 4 ); no significantly down-regulated pathways were identified. Phosphopeptides for both CDK1 and p38MAPK were identified in our analysis, and are positioned on sites known to confer activity [38] . GSK3β was not observed directly in our phosphoproteomics data as shown in supplemental Table 3 . Additionally, we used an unbiased approach (Motif-X) [39] to search for sequence motifs surrounding phosphorylated sites with significant correlation or anticorrelation with pacritinib IC 50 values. We identified two motifs, the [P/R] XpSP motif, which is correlated with pacritinib IC 50 is consistent with an ERK1/ERK2 binding site, and the RXXpSP motif, which is anticorrelated with pacritinib IC 50 is consistent with a GSK3β binding site (Fig. 6a) . Because we predicted GSK3β to be active in pacritinib-sensitive patients based on both substrate enrichment and an unbiased sequence motif analysis, but did not directly observe the kinase in our phosphoproteomic data, we validated GSK3β activity. We used an antibody to GSK3β-pSer9, which inactivates the kinase, and found that this was relatively lower in sensitive patients (consistent with activation). Additionally, we show that ERK1/ERK2 activity is relatively higher in several resistant patients, consistent with our phosphoproteomic data (Fig. 6b) .
Discussion
In AML, due to rapid emergence of resistance, inhibition of any one of the many molecular events driving disease progression, is unlikely to eradicate the disease. For example, patients with mutations in FLT3, one of the more frequently mutated genes in AML, often rapidly, relapse after treatment with an FLT3 inhibitor due to resistance mediated by secondary genetic events or survival signals mediated by the bone marrow microenvironment [5] . This challenge has prompted additional efforts to identify specific mechanisms responsible for AML progression. Here we provide evidence that the IRAK1 pathway is a therapeutic target across a variety of genetic subtypes in AML due to the proximal nature of its signal. IRAK1 is a central mediator of innate immunity and inflammatory responses. Our data suggest that IRAK1 is constitutively active in AML cells, as shown by constitutive phosphorylation of IRAK1 in different genetic subtypes. Although IRAK1 is overexpressed in AML relative to healthy cells, we observed no obvious difference in expression and activation of IRAK1 across AML subtypes, suggesting the IRAK1 pathway is uniformly active. This is consistent with previous studies showing that IL-1 signaling mediators, including IL-1, IL1RAcP, and IL1R1, are overexpressed in various AML subtypes [7, 40] . Similarly, IRAK1 dysregulation was ubiquitously observed in MDS and T-ALL, irrespective of stage of maturation and/or oncogenic dysregulation [13] [14] [15] .
Previous studies suggested multiple mechanisms may lead to overexpression or hyperactivity of IRAK1/4 in cancer. One mechanism involves post-transcriptional dysregulation by miRNAs such as miR-146a, which targets IRAK1, as evidenced by low expression levels of miR-146a resulting in the upregulation of IRAK1 in MDS [41] . Further, overexpression of IL1RAcP was observed in patients with MDS [40] , suggesting that hyperphosphorylation of IRAK1 in MDS may be the result of aberrant activation of TLR/IL1R-mediated signaling. Activation of IRAK1 can also occur by gain-of-function mutations or aberrant expression of upstream signaling molecules. For example, human lymphomas with oncogenically active MYD88 mutations have constitutive IRAK1 phosphorylation [19] . In Fanconi anemia, IRAK1 exists in a hyperphosphorylated state, potentially as a consequence of aberrant TLR8 signaling [11] . It is noteworthy that mutations in MYD88, IRAKs, TLRs, or IL1R are rare in AML [2] , suggesting that alternate molecular changes may activate IRAK1 in AML. Consistent with the MDS study, increased IL-1 and IL-1 receptor (IL1R1, IL1RAcP) levels in AML patients with various genetic abnormalities [7, 40] , suggesting that IRAK activation may be prevalent in AML. Accordingly, a retrospective analysis revealed that chronic immune stimulation acts as a trigger to increase the risk for MDS and AML development [42] . Collectively, these studies indicate IRAKs are therapeutic targets in hematological malignancies.
Consistent with previous studies of MDS and T-ALL [14, 25] , our data showed that genetic knockdown of IRAK1 significantly reduces the viability of AML cells and reduces in vivo leukemia burden. This prompted us to test the efficacy of IRAK1 inhibitors in AML. Small-molecule inhibitors targeting IRAK1 were originally developed for autoimmune and inflammatory diseases [24, 43] . These inhibitors are effective in vitro and in vivo in hematological malignancies that are dependent on the IRAK1 pathway [14, 26] . However, these IRAK1 inhibitors lack potency; therefore, there is a need for more effective IRAK1 inhibitors for therapeutic use in leukemias.
To inhibit IRAK activity effectively, we used pacritinib, an oral selective inhibitor for JAK2 and FLT3 [29, [44] [45] [46] . Kinase profiling showed that pacritinib inhibits the activity of IRAK1 but not IRAK4 [37] . We used computational modeling and biochemical analysis to demonstrate that pacritinib binds to and inhibits IRAK1 activity. Previous studies have reported its pharmacological profile and efficacy in preclinical models of JAK2-driven myeloid and lymphoid malignancies [45, 46] . In addition, pacritinib inhibits FLT3 signaling in AML cell lines with the highest potency against cells harboring FLT3-ITD mutations [44] [45] [46] . Two phase III clinical trials in myelofibrosis have demonstrated pacritinib's efficacy [31] , and a clinical trial in late-stage relapsed/refractory lymphoma demonstrated similar pacritinib efficacy [30, 36, 44] . Peak plasma concentrations of free pacritinib are 210 nM, based on a geometric mean C max value of 8290 ng/mL at steady state and 98.8% plasma protein binding, and were achieved following administration of 200 mg twice a day [36, 37] . These pacritinib plasma concentrations are substantially above the IC 50 values for recombinant kinases, including FLT3, JAK2, IRAK1, and CSF1R [37] . Our data establish the ex vivo and in vivo efficacy of pacritinib to inhibit IRAK1 activity in preclinical models of AML and provide a rationale for clinical trials for this indication.
We showed that pacritinib has potent inhibitory effects on AML cell lines and primary AML samples harboring a wide variety of genetic mutations, whereas the FLT3 inhibitor (quizartinib) and the JAK inhibitor (ruxolitinib) are restricted in their respective efficacy to FLT3 and JAK mutation-positive samples. Consistent with previous studies [47] , FLT3 mutation-negative samples in our study exhibited a low level of sensitivity to quizartinib. This may be because quizartinib inhibits wild-type FLT3 and c-KIT with approximately 4-fold and 10-fold higher IC 50 values, respectively, than mutant FLT3-ITD, and both FLT3 and c-KIT are frequently overexpressed in AML [47] . Our data suggest that pacritinib is effective in inhibiting the growth of AML cells not only with FLT3 and JAK2 mutations, but also with a variety of other mutations. Our biochemical data, along with ex vivo sensitivity results, suggest that IRAK1 is constitutively active in AML cells harboring a spectrum of mutations, and pacritinib effectively inhibits the activity of IRAK1. Notably, we have not observed significant associations between pacritinib sensitivity and various clinical features, with the exception of AML with ASXL1 or CREBBP mutations, which show less sensitivity to pacritinib. Previous studies have shown that an IRAK1/4 inhibitor alone is not sufficient to kill MDS or T-ALL cells, although it can sensitize these cells to BCL2 inhibitor treatment [13] . In contrast, we found that pacritinib profoundly inhibits the growth of AML cells, reduces primary AML progenitors and decreases the leukemia burden in a murine xenograft model. The broader efficacy may be due to pacritinib targeting of multiple kinases in addition to IRAK1. However, in our in vivo model the genetic targeting of IRAK1 is as effective as pacritinib treatment. Together these results suggest that IRAK1 can serve as a therapeutic target across various genetic subtypes.
In conclusion, we provide evidence that the innate immunity pathway involving IRAK1 is important in AML pathobiology. These results augment previous findings that IRAK1 targeting can suppress an altered TLR/IL1R/ Fig. 5 Genetic targeting of IRAK1 or pacritinib treatment leads to a significant reduction in leukemia burden. a MOLM-14 cells transduced with the doxycycline (Dox) inducible IRAK1 shRNA were transplanted into NSG mice (2 × 10 5 cells /mouse) by tail vein injections. Five days postengraftment, after confirmation of equal engraftment in peripheral blood (>1%), the mice were randomly divided in three groups and treated with vehicle control, or 150 mg/kg pacritinib twice daily or 500 μg/mouse doxycycline per day by oral gavage. The doxycycline arm of mice was also maintained at the chow containing 625 mg/kg doxycycline. All the mice were sacrificed 18 days post treatment and MOLM-14 cells engraftment was determined by measuring hCD13/CD33, and GFP-positivity and contribution of murine cells were analyzed by measuring mCD45 and GFP-negetive cells in bone marrow (b) and spleen (c) by flow cytometry. d The representative FCAS plots are shown for all the treatment conditions. e-f The difference in liver and spleen sizes are shown. The data is represented as mean ± SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Fig. 4a . Phosphosites known to regulate kinase activity are shown to the right, with an indication of functional roles. Motif analysis identified two partial motifs and peptides matching those motifs are shown in the side bar as pink lines (possible GSK3β motif) and grey lines (possible ERK1/ERK2 motif). The motifs themselves are shown to the right indicating overrepresentation of amino acid residues surrounding the phosphorylated site. b Cell lysates were prepared from the mononuclear cells derived from the available AML samples used in Fig. 6a . Cell lysates were evaluated by immunoblot analysis for phospho-GSK3β (Ser 9) and phospho-ERK1/ERK2. Densitometry analysis was performed to measure p-GSK3β (Ser 9) and p-ERK1/ERK2 levels using GAPDH as the loading control.
NF-κB/p38MAPK pathway and eliminate a leukemic clone [7, 13-15, 26, 27] . Furthermore, we showed that pacritinib is effective in inhibiting the activity of IRAK1.
Therefore, further clinical exploration of IRAK1 as a target for intervention with pacritinib and newer more specific agents is justified in AML and other neoplastic disorders associated with IRAK pathway activation [43] .
